The intracellular protozoan Trypanosoma cruzi causes Chagas' disease, a chronic illness associated with cardiomyopathy and digestive disorders. This pathogen invades mammalian cells by signaling them through multiple transduction pathways. We previously showed that cruzipain, the main cysteine protease of T. cruzi, promotes host cell invasion by activating kinin receptors. Here, we report a cruzipain-mediated invasion route that is not blocked by kinin receptor antagonists. By testing different strains of T. cruzi, we observed a correlation between the level of cruzipain secreted by trypomastigotes and the capacity of the pathogen to invade host cells. Consistent with a role for cruzipain, the cysteine protease inhibitor N-methylpiperazineurea-Phe-homophenylalanine-vinylsulfone-benzene impaired the invasion of human smooth muscle cells by strains Dm28c and X10/6 but not by the G isolate. Cruzipain-rich supernatants of Dm28c trypomastigotes enhanced the infectivity of isolate G parasites twofold, an effect which was abolished by the cysteine protease inhibitor L-trans-epoxysuccinyl-leucylamido-(4-guanidino)butane and by thapsigargin, a drug that induces depletion of the intracellular Ca 2؉ stores. The enhancement due to Dm28 supernatants was abolished upon cruzipain immunodepletion, and the activity was restored by purified cruzipain. In contrast, supernatants from isolate G trypomastigotes (with low levels of cruzipain) or supernatants from Dm28c epimastigotes or purified cruzipain alone did not enhance parasite invasion, indicating that the protease is required but not sufficient to engage this invasion pathway. We provide evidence that activation of this pathway requires cruzipainmediated processing of a trypomastigote molecule associated with parasite-shed membranes. Our results couple cruzipain to host cell invasion through a kinin-independent route and further suggest that high-level cruzipain expression may contribute to parasite infectivity.
The flagellated protozoan Trypanosoma cruzi is the causative agent of Chagas' disease, a pathology characterized by chronic inflammation associated with cardiomyopathy and/or digestive disorders (29) . When transmitted to mammals by hematophagous triatomines, metacyclic trypomastigotes are capable of invading diverse cell types, where they differentiate into amastigotes. These parasite forms then multiply by binary division in the cell cytoplasm before they retransform into trypomastigotes. After 3 to 5 days, the infected cells burst, releasing infective trypomastigotes into adjacent tissues.
The penetration of nonphagocytic cells by T. cruzi is a complex event involving multiple signaling pathways, which depend on the parasite isolate-host cell combination or the nature of the infective form (metacyclic versus tissue culture trypomastigotes) (reviewed in reference 2). One of the best-characterized invasion pathways requires elevation of the host cell intracellular Ca 2ϩ concentration, which leads to synaptotagmin VII-dependent lysosome migration and fusion to the parasite attachment site, an event that precedes the formation of the parasitophorous vacuole (4, 25) . Two parasite peptidases induce Ca 2ϩ transients in the host cell by signaling through the following G-protein-coupled receptors (GPCRs): (i) oligopeptidase B (OPB), a serine peptidase; and (ii) cruzipain, the parasite's main papain-like cysteine protease (CP) (1, 22, 23) .
Cruzipains comprise a family of closely related isoforms expressed as zymogens which undergo maturation upon proteolytic removal of the N-terminal domain (5, 9, 15, 16) . These enzymes are abundantly expressed throughout the parasite's life cycle and accumulate in acidic lysosome-like organelles designated reservosomes. In previous studies in which membrane-permeable synthetic irreversible CP inhibitors were used, we and others have associated cruzipain's activity with the growth and differentiation of epimastigotes and amastigotes (13, 19) . Although these drugs partially impaired host cell invasion by trypomastigotes, their lack of selectivity and easy access to host cell intracellular compartments precluded identification of a definite role for cruzipain in invasion. Later, the three-dimensional structure of the recombinant form of a family prototype, cruzain, enabled investigators to design more selective and highly potent synthetic inhibitors (18) which protected mice from lethal infections with T. cruzi (10) .
Recently, kinin peptides and the cognate GPCRs B 2 and B 1 were identified as members of a cruzipain-driven activation pathway involved in T. cruzi signaling and invasion of endothelial cells and cardiomyocytes (23, 24, 27) . These studies revealed that the activation of the B 2 constitutive receptors by trypomastigotes is modulated by the angiotensin converting enzyme, a potent kinin-degrading peptidase (24) . The use of captopril, an angiotensin converting enzyme inhibitor, potentiates invasion of cells expressing B 2 receptors. However, in previous studies, CP inhibitors impaired host cell invasion in culture conditions that did not favor overt activation of the kinin system (19) . In this study we revisited this issue, and in this paper we describe a new cruzipain-mediated invasion route, which is not related to the kinin pathway. We demonstrated that invasion of human smooth muscle cells by T. cruzi isolates Dm28c and X10/6, but not by the G isolate, is largely dependent on the activity of cruzipain secreted by trypomastigotes into the extracellular millieu. Furthermore, we obtained evidence that the extracellular enzyme acts on a trypomastigote-associated molecule, leading to more efficient invasion of host cells by isolate G trypomastigotes. Taken together, these results connect cruzipain to host cell signaling and invasion through an alternative route and suggest that the endogenous levels of this enzyme may contribute to T. cruzi infectivity.
dimethyl sulfoxide (DMSO), and 2.5 mM DTT at 37°C. Hydrolysis of the substrate was monitored by measuring the fluorescence with excitation at 380 nm and emission at 440 nm by using an F4500 fluorimeter (Hitachi). The initial velocities were calculated as described by Lima et al. (16) .
T. cruzi supernatants. Tissue culture trypomastigotes or log-phase epimastigotes were washed twice in HBSS and incubated in this solution at a concentration of 2 ϫ 10 7 parasites/ml for 2 h at 37°C (trypomastigotes) or 28°C (epimastigotes). The parasites were centrifuged at 3,000 ϫ g for 15 min, and parasite-free supernatants were filtered with 0.22-m-pore-size filters (Millipore). The supernatants were kept at Ϫ20°C. Catalytically active CP must retain the active-site cysteine in a reduced state. Therefore, supernatants were incubated with 2.5 mM DTT for 5 min at 37°C to activate CP before use. In preactivation experiments (see Fig.  7 and 8 ), supernatants were incubated with 2.5 mM DTT at 37°C for 3 h, and this was followed by inactivation of cruzipain by addition of L-trans-epoxysuccinylleucylamido-(4-guanidino)butane (E-64) to a final concentration of 30 M. Soluble and membrane fractions from trypomastigote supernatants were fractionated by centrifugation at 100,000 ϫ g for 1 h at 4°C. The pellet (membrane fraction) was resuspended in HBSS containing 0.1% bovine serum albumin (BSA) (Sigma) to the original volume. The supernatants were fractionated as described above (see Fig. 8B ), and the membrane fractions were resuspended to the original volume in HBSS and subsequently incubated at 37°C for 3 h with 2.5 mM DTT and 5 nM purified cruzipain or with the enzyme in the presence of 30 M E-64, as indicated below. Following incubation, the samples were supplemented with 30 M E-64 before addition to invasion assay mixtures.
Immunoprecipitation. Fifty microliters of a protein A-agarose slurry (Sigma) was washed three times with PBS (pH 7.2) and incubated overnight in the same buffer containing 150 g of purified rabbit immunoglobulin G (IgG) anti-cruzipain or purified rabbit IgG from nonimmunized controls. The beads were washed six times with 1 ml of PBS-0.05% Tween 20 and incubated for 2 h with 600 l of trypomastigote supernatant, obtained as described above. The beads were then washed twice and resuspended in 120 l of PBS; 100 l was assayed for CP activity.
Invasion assays. Invasion assays were performed as described previously (23) . Briefly, the invasion assays were performed in 0.5 ml of DMEM containing 0.1% BSA (Sigma) for 3 h at 37°C, and the number of intracellular parasites was estimated on Giemsa-stained coverslips by microscopy. Trypomastigotes were added at a parasite/host cell ratio of 3:1 unless indicated otherwise. In experiments in which purified cruzipain was used, the stock enzyme (200 nM) was incubated with 2.5 mM DTT at 37°C for 5 min and diluted to obtain a final concentration of 5 nM in the invasion medium. In experiments in which T. cruzi supernatants were used, the samples were incubated with 2.5 mM DTT for 5 min at 37°C, and 100-l aliquots were added to host cells immediately before addition of parasites. HBSS supplemented with 2.5 mM DTT was used as a control in experiments in which no supernatants were added. Statistical analyses were done by using analysis of variance, and a significance level of P Ͻ 0.05 was used.
Mobilization of intracellular calcium stores. Semiconfluent human smooth muscle cells plated on coverslips were treated with 0.5 M thapsigargin in DMEM containing 10% FCS for 40 min at 37°C. The cells were subsequently washed three times with HBSS, and the invasion assay was performed in DMEM-BSA at a parasite/host cell ratio 50:1 for 1 h at 37°C. This time interval was used to avoid the reloading of intracellular stocks with calcium after the removal of thapsigargin.
RESULTS
Highly infective T. cruzi isolates depend on functional CP for host cell invasion. The membrane-permeable irreversible synthetic inhibitor N-Pip-F-hF-VSPh was used as a tool to explore the participation of cruzipain in invasion routes that are not related to the activation of kinin receptors. To establish the most appropriate model, we analyzed the invasion of several cell types in vitro by tissue culture trypomastigotes of three T. cruzi isolates (Fig. 1A) . The isolates tested could be clearly divided into highly infective isolates (strains Dm28c and X10/6) or an isolate with a low level of infectivity (strain G), irrespective of the cell type tested. The infectivity of strain G parasites was consistently lower than that of Dm28c parasites, even with prolonged interaction times (Fig. 1B) or at different parasite/host cell ratios (Fig. 1C) . Primary cultures of human smooth muscle cells were then chosen as a model for the subsequent studies because (i) smooth muscle is one of the tissues damaged during natural T. cruzi infections, (ii) there is little information pertaining to the invasion of human cells by this pathogen, and (iii) in contrast to established cell lines, primary cultured cells are more representative of the situation found in vivo.
Addition of 10 M N-Pip-F-hF-VSPh during T. cruzi interaction with human smooth muscle cells ( Fig. 2A) decreased invasion by the highly infective isolates Dm28c and X10/6 by 60%, indicating that functional CP are required for invasion of these cells. In contrast, this CP inhibitor had no effect on the residual infectivity of the G isolate ( Fig. 2A ). This observation was corroborated by dose dependence experiments, which showed that there was a 30% reduction in invasion by Dm28c at an inhibitor concentration of 100 nM (Fig. 2B) . The penetration of isolate G parasites was not altered even at high concentrations of the compound, indicating that these trypomastigotes employ invasion mechanisms that do not depend on the activity of CP (Fig. 2C ). The participation of kinin receptors was ruled out since the kinin receptor antagonists Hoe 140 and [Leu 8 ]des-Arg 9 -BK, directed to the B 2 and B 1 receptor subtypes, respectively, had no effect on the invasion of smooth muscle cells by either Dm28c or G trypomastigotes (data not shown).
Highly infective trypomastigotes secrete elevated levels of cruzipain. It has been shown previously that functional cruzipain, which is the primary target of N-Pip-F-hF-VSPh, is released into the extracellular medium by trypomastigotes (23) . The presence of an active peptidase in the supernatants of Dm28c trypomastigotes was confirmed by enzymatic assays by using a synthetic peptidyl substrate, which revealed that there was continuous release of the enzyme for up to 1 h (Fig. 3A) . The activity of the extracellular enzyme was then stable for at least 3 additional hours. The identification of this peptidase as a CP was confirmed by incubation with the specific CP inhibitor E-64. Quantification of active CP in supernatants of different isolates showed that Dm28c and X10/6, whose infectivities were affected by N-Pip-F-hF-VSPh, released five to six times more functional protease than the G isolate released (Fig. 3B ). The levels of intracellular CP activity were likewise distinct; they were about threefold higher in Dm28c and X10/6 trypomastigotes than in G trypomastigotes (Fig. 3C) . Analysis of the intracellular cruzipain contents of these parasites by Western blotting revealed slightly reduced levels of the enzyme in G trypomastigotes compared with Dm28c trypomastigotes (Fig. 3D ). In parallel, evaluation of the levels of a serine peptidase (OPB) associated with host cell invasion by Western blotting revealed no significant difference among the three isolates (Fig. 3E) .
Specific antibodies were then used to confirm that cruzipain was the active CP released by Dm28c trypomastigotes (Fig. 4) . These antibodies reacted strongly with purified cruzipain ( . The difference in the apparent molecular masses of these proteins may have been due to variable posttranslational modifications encountered in cruzipain isoforms (6, 15) . Dm28c supernatants were then subjected to immunoprecipitation by using anti-cruzipain IgG or control IgG, and the peptidase activity bound to the resin was monitored by measuring the hydrolysis of a synthetic substrate (Fig. 4B ). E-64 completely inhibited substrate hydrolysis, confirming that this process was mediated by CP (data not shown). The CP activity present in supernatants was immunoprecipitated by anti-cruzipain IgG but not by control IgG (Fig. 4B) . Incubation of supernatants with biotin-coupled N-Pip-F-hF-VSPh, followed by immunoprecipitation with anti-cruzipain IgG, provided fur- Cruzipain released by trypomastigotes mediates host cell invasion. The results described above indicate that CP participate in an invasion mechanism that is predominantly used by Dm28c and X10/6 but not by the G isolate. The limited amount of cruzipain liberated by the latter organism may be insufficient for engagement of the CP-dependent pathway. This possibility was evaluated by performing assays for smooth muscle cell invasion by G trypomastigotes in the presence of cruzipain-rich supernatants from Dm28c trypomastigotes (Fig. 5) . The Dm28c supernatants caused a twofold increase in the invasion of G parasites through a CP-dependent mechanism, since the effect was completely abolished by E-64, an irreversible CP inhibitor (Fig. 5A) . Although E-64 is a broad-range CP inhibitor, due to its hydrophilic nature its action should be restricted to the extracellular environment, in contrast to the activity of the hydrophobic compound N-Pip-F-hF-VSPh. The effect of E-64 was observed only in the presence of supernatants, ruling out participation of host cell papain-like CP in the basal invasion mechanism used by G trypomastigotes. The Dm28c supernatants consistently increased the infectivity of G trypomastigotes twofold, even when different parasite/host cell ratios were used (Fig. 5B) . To demonstrate that cruzipain was in fact the CP responsible for this potentiation of infectivity, the invasion assays were performed by using Dm28c supernatants from which cruzipain was depleted by immunoprecipitation (Fig. 6) . Addition of untreated supernatants or of supernatants subjected to immunoprecipitation with rabbit control IgG enhanced the invasion of the G isolate about twofold compared to the basal invasion levels (Fig. 6 ). In contrast, addition of the cruzipain-depleted supernatants resulted in invasion levels similar to those observed in controls (Fig. 6) . Addition of 5 nM purified cruzipain to the depleted supernatants fully restored the ability to potentiate invasion, which was again blocked by E-64. These results demonstrate that cruzipain present in Dm28c supernatants is indeed the CP responsible for engagement of an invasion route, which is deficient in trypomastigotes of the G isolate. Recently, it was reported that the prolyl oligopeptidase Tc80 (POP-Tc80), secreted by trypomastigotes, participates in the invasion of rodent muscle cells by T. cruzi (12) . The up-regulation of the invasion of human muscle cells by G trypomastigotes caused by Dm28c supernatants was not affected by N-benzyloxycarbonyl-prolinal-prolinal-dimethylacetal (Z-ProPro-DMA), an inhibitor of POP-Tc80, while it was totally abolished by addition of N-Pip-F-hF-VSPh (data not shown). This result argues against the involvement of POP-Tc80 in this cruzipain-dependent invasion pathway. It is worth mentioning that although Z-Pro-Pro-DMA binds to cruzipain (K i ϭ 31 M), the concentration used in the assay (10 M) was threefold less than the K i for cruzipain and 10-fold greater than the K i for POP-Tc80, which favored binding to the latter enzyme.
Cruzipain acts on a trypomastigote molecule. The role of cruzipain in mediating host cell invasion was further addressed in assays in which supernatants from G trypomastigotes or from Dm28c epimastigotes, which are extremely rich in cruzipain, were used as sources of functional enzyme (Fig. 7A) . As expected, the addition of G-derived supernatants, which contained little cruzipain, did not affect the invasion indices for the parasites. Remarkably, Dm28c epimastigote supernatants behaved in a similar fashion, indicating that the presence of active cruzipain is required but not sufficient for engagement of this invasion pathway. This observation was further confirmed by addition of purified cruzipain to the invasion assay mixtures, which did not potentiate the infectivity of G trypomastigotes (Fig. 7A ). As shown above (Fig. 6) , purified cruzipain restored the ability of cruzipain-depleted supernatants to up-regulate invasion by G parasites. These observations strongly suggest that extracellular cruzipain is required to process a substrate(s) which is present in the supernatants of trypomastigotes but is absent in the supernatants of epimastigotes. To evaluate if cruzipain in fact processes a trypomastigotederived molecule and releases a putative invasion factor, Dm28c supernatants were incubated at 37°C in the presence of reducing agents, which enabled cruzipain to act on its substrate(s). The reducing environment was necessary to maintain the active-site cysteine in its reduced state, thus ensuring catalytic activity. The enzyme was subsequently inactivated by E-64 prior to addition of the processed supernatants to the invasion assay mixtures (Fig. 7B) . Interestingly, Dm28c supernatants that were preprocessed as described above and were devoid of functional cruzipain increased the infectivity of G parasites to the same levels as those observed with the unprocessed supernatants containing active enzyme, when they were compared to the controls to which no supernatant was added (Fig. 7B) . Supernatants that were preprocessed in the presence of E-64 could not potentiate G infectivity (data not shown). These results indicate that the putative invasion factor generated by proteolysis is the final product required to mediate invasion by T. cruzi. To test whether cruzipain-dependent invasion was compromised in G parasites solely due to defective secretion of the enzyme, G supernatants were supplemented with exogenous cruzipain prior to addition to assay mixtures. In contrast to Dm28c supernatants, neither G supernatants alone nor the sample supplemented with purified cruzipain was able to potentiate the infectivity of these parasites (Fig. 7B) . This result indicates that supernatants derived from G trypomastigotes contain low levels not only of cruzipain but also of its putative substrate(s) and/or of cofactors required for engagement of the invasion pathway.
It is well documented that T. cruzi continuously sheds part of its plasma membrane into the extracellular medium in the form of small vesicles, which contain several cell surface molecules (11) . Therefore, the supernatants used in this study should have consisted of a mixture of soluble and vesicleassociated components. The distribution of extracellular cruzipain and its substrate(s) (and/or cofactors) in soluble and membrane fractions was checked after centrifugation of supernatants at 100,000 ϫ g. After fractionation, the peptidase activity was detected mainly in the soluble fraction, indicating that the majority of the functional extracellular cruzipain was not associated with shed vesicles (Fig. 8A, inset) . The distribution of the trypomastigote-associated cruzipain substrate(s) in soluble and membrane fractions was subsequently checked by invasion assays. While unprocessed Dm28c supernatants enhanced the basal level of invasion of G parasites twofold, the isolated soluble or membrane fractions had no effect on G infectivity (Fig. 8A) . Since cruzipain was detected in the soluble fraction, this result suggests that the enzyme's putative substrate(s) is membrane associated. This assumption was further confirmed by preprocessing of supernatants, followed by enzyme inactivation and fractionation by centrifugation at 100,000 ϫ g. The soluble fraction, but not the membrane fraction (Fig. 8A) , of preprocessed supernatants increased the infectivity of G trypomastigotes about twofold. Identification of cruzipain as the enzyme capable of releasing the invasion factor from Dm28c trypomastigote membranes was further addressed by incubation of 100,000-ϫ-g fractions with purified cruzipain, followed by enzyme inactivation prior to addition to invasion assay mixtures (Fig. 8B) . In agreement with this, the level of invasion of host cells by G trypomastigotes was increased in the presence of membrane fractions which were pretreated with purified cruzipain compared to the basal invasion levels. Untreated membrane fractions or the fractions treated with cruzipain inactivated by E-64 were not capable of enhancing invasion by the G strain. Taken together, these data indicate that the liberation of a factor that mediates host cell invasion by cruzipain requires trypomastigote membranes.
Finally, since the engagement of kinin receptors by cruzipain triggers an increase in the free intracellular Ca 2ϩ concentration in host cells, we next verified that a similar signaling event was implicated in the cruzipain-dependent invasion route de- trypomastigotes. Untreated supernatants were added to the invasion assay mixture in full (solid bar) or after fractionation by centrifugation at 100,000 ϫ g (gray bars). S, soluble fraction; M, membrane fraction. Processed supernatants (striped bars) were incubated with 2.5 mM DTT for 3 h at 37°C and subsequently supplemented with 30 M E-64, followed by fractionation by centrifugation at 100,000 ϫ g prior to addition to the invasion assay mixture. S, soluble fraction; M, membrane fraction. (Inset) Peptidase activity of unprocessed supernatants (100 l) from Dm28c trypomastigotes after fractionation by centrifugation at 100,000 ϫ g, as determined with 10 M carbobenzoxy-phenylalanyl-arginyl-7-amido-4-methylcoumarin. The graph shows the initial velocity. S, soluble fraction; M, membrane fraction. The data are representative of the data from two independent experiments. (B) Host cell invasion by G trypomastigotes at a parasite/cell ratio of 4:1 in DMEM containing 0.1% BSA for 3 h at 37°C. Supernatants from Dm28c trypomastigotes were fractionated by centrifugation at 100,000 ϫ g, and the membrane fraction was incubated with 2.5 mM DTT and 5 nM purified cruzipain for 3 h at 37°C and subsequently supplemented with 30 M E-64 before addition to the assay mixtures. Open bar, saline; solid bar, untreated fraction; gray bar, membrane fraction treated with cruzipain; striped bar, membrane fraction treated with cruzipain which was preinactivated by 30 M E-64.
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on October 23, 2017 by guest http://iai.asm.org/ scribed here (23) . The levels of invasion of G parasites were not affected by prior treatment of host cells with thapsigargin, indicating that these trypomastigotes do not depend on the mobilization of intracellular Ca 2ϩ stores for invasion (Fig. 9 ). In contrast, the potentiation of invasion observed in the presence of Dm28 supernatants was completely abolished by host cell pretreatment with thapsigargin, suggesting that the supernatant-mediated invasion route requires mobilization of host cell intracellular Ca 2ϩ stores. Taken together, these results associate cruzipain with host cell invasion by an alternative mechanism.
DISCUSSION
In vitro cellular systems employed in studies of T. cruzi interactions with mammalian cells have indicated that intracellular Ca 2ϩ -mediated activation responses transduced by GPCRs can enhance parasite invasion of nonphagocytic cells (reviewed in reference 2). Previous efforts to characterize the mechanisms leading to GPCR activation focused on OPB (1, 3) . More recently, it has been demonstrated that T. cruzi trypomastigotes rely on kinin liberation by cruzipain to efficiently invade host cells that express high levels of kinin receptors (17, 23, 27) .
Here, we report a role for cruzipain in the invasion of human smooth muscle cells through a kinin-independent route. Analysis of the in vitro infectivity of three T. cruzi isolates by using several host cell types allowed discrimination of highly infective trypomastigotes and trypomastigotes with low levels of infectivity. The use of a synthetic irreversible CP inhibitor with partial selectivity for cruzipain, N-Pip-F-hF-VSPh, demonstrated that highly infective isolates Dm28c and X10/6, but not the G isolate with a low level of infectivity, are very dependent on the activity of CP for invasion. Quantification of the functional CP secreted by trypomastigotes of the three isolates revealed a direct correlation between the infective potential and the level of CP present in the supernatant. The CP activities present in parasite lysates were also lower in the G isolate with a lower level of infectivity than in Dm28c or X10/6.
The processes leading to reduced levels of extracellular CP activity in supernatants of the G isolate were not investigated in detail. The Western blot of trypomastigote lysates revealed that the intracellular level of cruzipain in the G isolate was slightly less than the level in Dm28c, although the activity found in the supernatants was fivefold lower. Since the control of cruzipain expression for the different stages of T. cruzi appears to be primarily posttranscriptional (28) , additional mechanisms, such as the rate of zymogen processing combined with inefficient trafficking and secretion of the mature enzyme, could contribute to the decreases in the levels of extracellular cruzipain. Diminished levels of active cruzipain could also result from strain-dependent differences in the expression of chagasin, a recently described endogenous CP inhibitor of T. cruzi (21) . It is possible that G trypomastigotes regulate cruzipain expression also at the transcriptional level. These possibilities are currently being addressed.
Characterization of secreted cruzipain by using a biotinylated inhibitor (biotin-N-Pip-F-hF-VSPh) revealed that trypomastigotes secrete at least two heterogeneous cruzipain species. It was demonstrated previously that alternative cruzipain isoforms may be expressed by the mammalian stages of T. cruzi and that at least one of them, cruzipain 2, differs from cruzipain 1/cruzain with respect to substrate specificity and affinity for inhibitors (15, 16) . It is possible that multiple secreted cruzipain isoforms act synergistically to process a common precursor, or alternatively, they may act on different natural substrates. Irrespective of the nature of cruzipain isoforms, our data demonstrate that the activity of extracellular cruzipain(s) is required for generation of a putative invasion factor. In agreement with this, we showed that the cruzipain-rich supernatants derived from Dm28 trypomastigotes increased invasion by the G isolate twofold. The increase due to Dm28c supernatants was abolished by immunodepletion of the enzyme from supernatants or by inhibition with E-64. Interestingly, the supernatants of G trypomastigotes could not potentiate invasion. These parasites secrete significantly less cruzipain than Dm28c secretes, but the addition of exogenous cruzipain did not complement this phenotype, suggesting that the cells may not produce sufficient amounts of the invasion factor precursor. Besides the deficit of functional extracellular cruzipain, it is possible that additional molecules involved in invasion are also down-regulated in G trypomastigotes. The levels of OPB are apparently not altered in the G isolate compared to strain Dm28c or X10/6, while the levels of the adhesion molecule Tc85 are slightly higher in the former organism (data not shown). In agreement with this, experiments to quantify the adhesion capability of these parasites in prefixed smooth muscle cells demonstrated that they adhere at even higher rates than Dm28c (data not shown).
Generation of the presumed invasion factor was not affected by addition of the Z-Pro-Pro-DMA inhibitor, indicating that the serine protease POP-Tc80 (12) and cruzipain act on different invasion routes. However, we cannot rule out the possibility that cruzipain and OPB may act synergistically. It was FIG. 9 . Increase in infectivity induced by Dm28c trypomastigote supernatants is inhibited by thapsigargin: host cell invasion by G trypomastigotes at a parasite/cell ratio of 50:1 in DMEM containing 0.1% BSA for 1 h at 37°C in the presence or in the absence of supernatants from Dm28c trypomastigotes. Where indicated, the host cells were pretreated with 0.5 M thapsigargin in DMEM containing 10% fetal calf serum for 40 min at 37°C. The coverslips were washed three times with HBSS before addition of trypomastigotes. The low level of infectivity resulted from the short time interval used in the assay (1 h). The data are representative of the data from three independent experiments. (14) . It would be interesting to know if both cruzipain and OPB are required to produce a common invasion factor, where OPB would act downstream from cruzipain. However, the fact that OPB is found in the cytosol argues against this hypothesis (1). We found that the invasion route enhanced by addition of Dm28c trypomastigote supernatants was sensitive to host cell treatment with thapsigargin. Interestingly, tissue culture trypomastigotes from the G isolate were unable to activate this pathway, although it has been demonstrated that G metacyclic trypomastigotes mobilize calcium from thapsigargin-sensitive stores of HeLa cells (8) . However, the molecules involved in this pathway (i.e., gp85 and gp35/50) are not present in tissue culture or blood-derived trypomastigotes (8) .
In this study we demonstrated that the precursor molecule processed by cruzipain is associated with trypomastigotes but not with epimastigotes. This conclusion is based on the following facts: (i) epimastigote supernatants (rich in cruzipain) had no effect on host cell invasion by G trypomastigotes, (ii) the ability of cruzipain-depleted supernatants to increase the infectivity of G parasites was fully restored by addition of cruzipain purified from epimastigotes, and (iii) purified cruzipain alone was not sufficient to promote invasion by the G isolate. We obtained further evidence that the release of the invasion factor by cruzipain requires trypomastigote membranes, since (i) after fractionation, the soluble fraction of supernatants alone (in which active cruzipain was detected) was unable to promote engagement of the CP-dependent pathway, (ii) in supernatants that were preprocessed prior to fractionation, the presumed invasion factor was found in the soluble fraction, and (iii) the presumed invasion factor was present after treatment of a 100,000-ϫ-g fraction of supernatants with purified cruzipain. These results are in agreement with previous observations that membranes from trypomastigotes, but not membranes from epimastigotes, induce calcium signaling in the host cell (26) . Experiments performed with kinin receptor antagonists (selective for B 2 or B 1 ) have ruled out the possibility that the kinin signaling pathway is involved in the invasion mechanism described here. In contrast to the kinin invasion route, in which cruzipain processes a plasma-derived precursor substrate, kininogen (17, 23) , cruzipain acts on a trypomastigoteassociated molecule(s) present in shed membranes. A feature that distinguishes the short-lived kinin peptides from the invasion factor is the stability of the latter, which may act on host cells even in the absence of trypomastigotes.
Considering the great heterogeneity displayed by T. cruzi strains (reviewed in reference 20), our findings may be relevant in the context of natural infections, in which mammalian hosts may be simultaneously exposed to different parasite strains. In this scenario, cruzipain secreted by highly infective trypomastigotes could assist poorly infective strains, such as the G strain, to establish an infection in a host. We also observed potentiation of G infectivity by Dm28c supernatants using other cell types, such as Vero and LLCMK2 (data not shown), suggesting that the cruzipain-mediated invasion mechanism is not restricted to smooth muscle.
In summary, we show that functional cruzipain secreted by trypomastigotes participates directly in host cell invasion by releasing a soluble invasion factor from trypomastigote membranes. It remains to be determined if this route is engaged in vivo and the extent to which it may influence parasite virulence and/or tissue tropism. Identification of the trypomastigote-associated substrate of cruzipain is being currently pursued.
